Introduction {#sec1}
============

In the observation of color, the interaction of a material with light, scattering, and absorption play important roles. In colloids, this interaction is important for understanding their appearance. Colloids are particles dispersed in a medium that have at least in one direction a dimension roughly between 1 nm and μm or systems with discontinuities at distances of this order.^[@ref1]^ These particles are found in everyday life, where they are, for example, applied in food industry,^[@ref2]^ pharmaceuticals,^[@ref3]^ inks,^[@ref4]^ and coatings.^[@ref5]^ Because many colloidal particles interact strongly with visible light, they have a color when observed. The contributing factors are their hierarchical order and scattering (structural colors),^[@ref6],[@ref7]^ refractive index (RI) differences with the medium, their particle shape and size,^[@ref8]−[@ref10]^ absorption, and combinations of these.

Nowadays, it becomes clear that consumers prefer to buy products that contain natural and bio-based materials. A lot of research is being carried out toward this bio-based and natural trend, which is ranging from polymers and additives^[@ref11],[@ref12]^ to foods and functional ingredients.^[@ref13]−[@ref15]^ A natural, bio-based class of materials to synthesize colloidal particles from is the class of proteins. Proteins have many advantageous properties, such as renewable, biodegradable, and often edible and soluble in food-safe solvents such as water--ethanol mixtures.^[@ref16]−[@ref18]^ These are the properties that make proteins suitable for many applications. For example, cellulose fibers^[@ref19]^ were found to have enhanced light-scattering properties. Other studies showed that dried cellulose films may exhibit tunable optical properties^[@ref20],[@ref21]^ or stimuli-responsive optical properties.^[@ref22]^ In our work, we have chosen to work with zein, a protein from corn, which has a GRAS (generally recognized as safe) status. The application areas for zein colloidal particles can be found in triggered-release mechanisms for drug delivery^[@ref23]^ and also as a color carrier in food products,^[@ref24]^ on which we focus in this study.

Because of the importance of color in everyday life and the widespread implementation of colloidal particles in a wide range of products, it would be beneficial if there were a simple way to predict optical properties from information about the constituent materials. This information consists primarily of the particle size and size distribution, the refractive indices of the medium and the particulate material, and the absorption spectrum of the colorant used. Different approaches to achieve this have been presented in literature already.^[@ref25]^ The examples include full wave optical simulations suited for nanocomposites with extremely large filling fractions,^[@ref26]^ density functional theory modeling for nanodiamond particles in a lattice structure,^[@ref27]^ and total differential effective medium theory for polymer nanocomposites,^[@ref28]^ all of which are solid materials. Often, these are theoretical studies and mostly not compared to experimental results. Another approach, which was also applied on dispersions, is the Kubelka--Munk theory which simplifies the description of diffuse reflection from a layer in terms of two parameters, related to scattering and absorption, of a continuous medium.^[@ref29]−[@ref31]^ A drawback of the Kubelka--Munk theory is that a direct connection with the optical properties of the individual particles is lost. Such a connection is retained by multiple light scattering (or photon diffusion) theory at the mild cost of moderately increased mathematical complexity. In this theory, diffusive light transport is quantified by the transport (*l*\*) and absorption (*l*~a~) mean-free paths, describing the effects of scattering and absorption. This theory has been highly successful in describing diffuse transmission and reflection of a wide variety of strongly scattering materials^[@ref32]−[@ref36]^ and living tissues.^[@ref37]^ Moreover, using diffusing wave spectroscopy particle dynamics in scattering, absorbing dispersions can be studied.^[@ref38]^ A limitation of photon diffusion theory is that it fails for strongly absorbing samples.^[@ref39]^ In this paper, we apply diffusion theory to polydisperse colloidal dispersions of absorbing (dyed) protein particles. Specifically, we attempt to relate the measured optical properties of the individual particles to the measured total transmission of opaque dispersions of these particles.

In this study, first the optical properties of nonabsorbing and absorbing colloidal protein particle dispersions were determined experimentally. Second, the transport and absorption mean-free paths were determined from total transmission measurements on optically dense dispersions. The mean-free paths were also calculated from Mie theory and multiple scattering theory and compared with the experimental data. To enable a comparison without adjustable parameters, information on particle shapes, sizes, size distributions, refractive indices, volume fractions, and the absorption spectrum of the colorant is necessary. To measure the total transmittance at a wide enough range of path lengths of the sample, a quartz glass cuvette with a variable path length was designed. To verify the setup, nonabsorbing, monodisperse silica particles were synthesized and measured using the newly designed setup. Following this, the experimental results of these silica particles were compared to the theory. When the setup was found to function as intended, this process was repeated for freshly synthesized white zein particles. Finally, the experiments and theory for absorbing blue zein particles were compared, resulting in a delimitation of the range of validity of the multiple scattering theory.

Experimental Section {#sec2}
====================

Hydrochloric acid (HCl, Sigma), tetraethyl orthosilicate (TEOS, 99%, Sigma), [l]{.smallcaps}-arginine (98%, Sigma), Patent Blue V sodium salt (Sigma), dimethylsulfoxide (99.99%, Sigma), 1-pentanol (99%, Sigma), and absolute ethanol (Merck) were used as received. Zein was purchased from Flo Chemical Corporation (Zein F4000C-FG, lot nr. F40006021C2), and water was purified using a Millipore Direct-Q purification system.

Particle Synthesis {#sec2.1}
------------------

Three types of particles were synthesized for different purposes. First, silica particles were synthesized as monodisperse and nonabsorbing particles to verify the performance of the transmittance setup and to test the theory. Then, white zein colloidal particles were synthesized to check whether these particles are also nonabsorbing and to test the sensitivity to polydisperse particles. Finally, the zein particles containing a blue dye were synthesized to measure their scattering and absorption.

Silica Synthesis {#sec2.2}
----------------

Silica particles were synthesized using the method of Shahabi et al.^[@ref40]^ First, silica cores were prepared, which were grown into larger particles in a secondary step. [l]{.smallcaps}-Arginine (183 mg) was dissolved in 169 mL of water in a base-bath-cleaned 500 mL one-neck flask. The mixture was heated to 70 °C and stirred slowly (200 rpm) on a hot plate. After 1 h, 11.2 mL of TEOS was added slowly via the wall. The resulting mixture was stirred for 1 day to complete the core synthesis; this is known as the core dispersion.

The cores were grown into larger particles in two synthesis steps. In the first step, 163 mg of [l]{.smallcaps}-arginine was dissolved in 152 mL of water, and then 19.3 mL of the core dispersion was added. The mixture was heated to 70 °C and stirred slowly (200 rpm). After 1 h, 11.2 mL of TEOS was added slowly via the wall. The resulting dispersion was stirred for 1 day to complete the first growing step. In the second growing step, 162 mg of [l]{.smallcaps}-arginine was dissolved in 152 mL of water. Then, 19.3 mL of the particle dispersion from the first growth step was added. The mixture was again heated to 70 °C and stirred slowly (200 rpm), and again after 1 h, 11.2 mL of TEOS was added slowly via the wall. The resulting dispersion was stirred for 1 day to complete the synthesis. Now, the particles are at their target size and concentration.

White Zein Particles {#sec2.3}
--------------------

White zein particles were synthesized using the following procedure.^[@ref41]^ Prior to particle synthesis, most of the removable colored impurities were extracted from the zein powder by washing in ethanol. Then, a stock solution was made in aqueous ethanol (85 wt %), and 10 mL of stock solution was rapidly added to a beaker with water (120 mL) while stirring (280 rpm). A 2 day dialysis of the resulting dispersion against water adjusted to a pH of 4 with HCl was used to completely remove the ethanol; during dialysis, the medium was replaced four times. The resulting dispersion was centrifuged for 30 min at 222 rcf to remove possible large aggregates. Finally, the samples were stored in a fridge at 5 °C for a maximum of 2 weeks before measurement. The dry weight of the zein stock solutions and colloidal dispersions was determined by weighing an amount of the solution or dispersion, letting the liquid evaporate at 120 °C for 2 h, and then measuring the dry weight. Prior to total transmission measurements, the zein particles were concentrated using a centrifugal concentrator (Vivaspin 20, pore size 100 000 Da, Sartorius) at a pressure of 3 bar without centrifugation.

Blue Zein Particles {#sec2.4}
-------------------

The blue zein particles were synthesized using a coprecipitation method.^[@ref14],[@ref24]^ Before particle synthesis, the zein was purified by washing in ethanol, and a stock solution was prepared in 85 wt % aqueous ethanol. Patent Blue V sodium salt was dissolved in the zein solution at a dye-to-zein ratio of 0.0025 prior to particle synthesis. To synthesize particles, 10 mL of the colored zein solution was quickly added to a beaker with water (120 mL) while stirring (280 rpm). Directly after the synthesis, the encapsulation efficiency was determined. A 3 day dialysis of the resulting dispersion against water adjusted to a pH of 4 with HCl was performed to remove the remaining ethanol and free colorant. During dialysis, the dispersion was kept in the dark to prevent possible color changes. During this dialysis, the medium was replaced four times. The resulting colloidal dispersion was then centrifuged for 30 min at 222 rcf to remove possible large aggregates. Finally, the samples were stored in a fridge at 5 °C for a maximum of 2 weeks before measurement. Prior to total transmission measurements, the zein particles were concentrated using a centrifugal concentrator (Vivaspin 20, pore size 100 000 Da, Sartorius) at a pressure of 3 bar without centrifugation.

Particle Shape, Size, and Size Distribution {#sec2.5}
-------------------------------------------

Transmission electron microscopy (TEM, Technai operating at 100 kV equipped with a tungsten filament) was used to determine the particle sizes of the cores and the results of the two growing steps from the silica synthesis. Samples for analysis were prepared by first sonicating the silica dispersions for 1 min to prevent aggregation of the particles on the TEM grid. Then, the silica dispersion was drop-cast onto carbon-coated copper TEM grids at room temperature and the liquid was evaporated in air, leaving the silica particles on the grid.

Scanning electron microscopy (SEM, Nova Nanolab, FEI) was used for determining the particle shape of the samples prepared from zein. To minimize the changes in particle size and shape, the samples were freeze-dried overnight using a lyophilizer (Virtis). The dry powder, which was loosely attached to the lyophilizing bottle, was collected and stored in a desiccator until SEM analysis. Prior to SEM analysis, a platinum layer of about 4 nm was sputtered onto these samples to prevent charging.

The size distributions and particle sizes were also determined by dynamic light scattering (DLS) using a Zetasizer Nano ZS series (Malvern Instruments). In DLS, a CONTIN analysis was used to determine the size distributions. Prior to the DLS measurements, the samples were diluted with water adjusted to pH 4 to a suitable concentration in order to prevent multiple scattering.

Dye Encapsulation Efficiency {#sec2.6}
----------------------------

Directly after the coprecipitation in the blue particle synthesis, a sample of the dispersion was filtered using a Vivaspin tube (Sartorius, equipped with a 100 000 MWCO membrane) using an applied pressure of 4 bar to separate the particles from the medium. The encapsulation efficiency or adsorption was determined as followsHere, EE is the encapsulation efficiency or adsorption, *c*~t~ is the concentration of dye added to the synthesis, and *c*~m~ is the concentration of free dye in the medium. From this calculation, the total concentration of dye inside the particles, *c*~p~, can be calculated from *c*~p~ = *c*~t~ -- *c*~m~. UV--vis spectroscopy (HP 8953A spectrophotometer) was used to determine the concentration of free dye in the medium at a wavelength of 638 nm. The concentration was calculated by comparison with an appropriate calibration curve using the same medium as the particle dispersions.

Optical Properties of Concentrated Dispersions {#sec2.7}
----------------------------------------------

The transport mean-free path (*l*\*) and reciprocal absorption mean-free path (α) were experimentally determined via total transmittance spectroscopy, which was performed on an in-house-built setup ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The concentrated samples were measured at wavelengths ranging from 400 to 900 nm using a specially designed quartz glass cuvette with a variable path length, with an accuracy of \<0.05 mm after initial calibration because of the use of an optical linear stage ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), Newport M-UMR5.16 with BM11.16. The structural parts consist of a 90° bracket, Newport EQ50-E, and custom-designed 3D printed parts printed in PLA on an Ultimaker2 FDM 3D printer. The inner and outer quartz glass cylinders had diameters of 17 and 30 mm, respectively. Light from a Tungsten Halogen light source (HL-2000-FHSA-LL, Ocean Optics) was sent vertically down via a multimode optical fiber through the pair of circular optical flats that form the bottom of the cylinders. Their separation varied in the range of 0.5--10 mm by raising and lowering the inner cylinder via the optical linear stage. Transmitted light was collected by a 15 cm diameter integrating sphere (barium sulfate coated, Labsphere) with an entrance opening of 18 mm. The sphere had a detection port of 3 mm, at which light was collected by a multimode optical fiber and coupled into a spectrometer (HR4000, Ocean Optics). The modular design of the setup enables quick and easy modifications for cleaning purposes and alternative configurations if required.

![(a) In-house-built setup for the variable path length cell, including a schematic cross section of the designed quartz cuvettes (b), 3D printed holder incorporating a linear stage and a separate, stationary holder for the fiber collimator, and an integrating sphere and light source that was used for the measurements.](la9b01357_0001){#fig1}

Results and Discussion {#sec3}
======================

Particle Characterization {#sec3.1}
-------------------------

The particle growth of the silica particles was followed by TEM, see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01357/suppl_file/la9b01357_si_001.pdf) Figures S1 and [2](#fig2){ref-type="fig"}a. First, seeds were grown with a size of about 26 nm (measured from TEM images); then, the particles were grown to about 55 nm and finally to their final size of 128 nm. These silica particles are spherical and nonabsorbing and can therefore be used to verify the setup and theory.

![TEM image of silica particles after the final growth step (scale bar is 500 nm) after which the particles were approximately 128 nm (a), which were used for further experiments. SEM images of white zein particles (b) and blue zein particles (c). After freeze-drying, the particles were found to be spherical, although both samples were very polydisperse. Size distribution (volume) data for silica particles (d), white zein particles (e), and blue zein particles (f). The size distribution data were obtained from DLS.](la9b01357_0002){#fig2}

The spherical shape of the zein particles (white and blue) was verified by SEM, see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,c. Compared to the silica particles, these zein particles are very polydisperse, which has been observed before for this type of particles in literature.^[@ref42],[@ref43]^ There does not seem to be a difference in shape between white zein particles and blue zein particles, as they both appear spherical.

To exclude the differences between sample preparations and microscopy techniques, DLS was used to determine the size and size distribution of the different particles. This resulted in particle sizes of silica: 140 ± 24 nm, white zein: 149 ± 60 nm, and blue zein: 156 ± 77 nm. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d--f presents the size distribution data obtained with DLS, which are used in the model for the calculation of transport mean-free path (*l*\*).

The encapsulation efficiency of the blue zein particles was determined using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and found to be 99.9%, which is in agreement with previous experiments.^[@ref14]^

The RI of zein dispersed in water was determined from extinction measurements in our previous study.^[@ref41]^ A value of 1.49 ± 0.01 was found to describe the extinction of a large number of similarly prepared, polydisperse samples in the wavelength range of 450--700 nm; this value is used in this study for both the white and blue zein particles, regardless of the wavelength. The RI of silica was determined by RI matching as explained in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01357/suppl_file/la9b01357_si_001.pdf) S2 and found to be 1.453, which is comparable to other values that can be found for silica particles in literature.^[@ref44],[@ref45]^

Multiple Scattering of Optically Dense Dispersions {#sec3.2}
--------------------------------------------------

### Nonabsorbing Dispersions {#sec3.2.1}

The case of multiple scattering of nonabsorbing polydisperse zein particles was described in our previous work.^[@ref41]^ Here, the same phenomenon is described, now measured using the variable path length cell setup and using monodisperse silica to better compare the theory with experiments. Because the mean-free paths of our samples will turn out to be 0.2--2 mm (determined experimentally), the maximum sample path lengths will be made several times that length (up to 6 mm). At the same time, the cell is wide enough (30 mm) to prevent any light leaking out through the side walls, even at the larger cell thicknesses. If these conditions were not met, the resulting light loss could masquerade as absorption. This improvement will allow us to include absorption into the model, as described in the next section. Only opaque dispersions are used, so light is scattered not once but multiple times before leaving the sample. With volume fractions of a few percent, these dispersions are dilute in the sense that particles interact only weakly. However, they are optically dense as no light is transmitted without scattering. The scattering strength is quantified by the transport mean-free path, *l*\*, which describes the distance over which the direction of propagation of light is randomized

In this equation, *l* is the scattering mean-free path (the average distance between scattering events) and ⟨cos θ⟩ is the anisotropy factor, the average of the cosine of the scattering angle θ, both of which can be calculated from Mie theory.^[@ref46]^ In the absorption-free case, the transport mean-free path can be experimentally determined from the relation^[@ref36]^ between the total transmittance *T* and the path length of the cell, *L* ([eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}), which shows that the total diffuse transmittance is low at small *l*\*. Here, most of the incident light is diffusely reflected

In this equation, *R̅* is the polarization and angle-averaged internal diffuse reflectivity of the sample-quartz glass--air interface, *R*~s~ is the specular reflectivity of the incident light beam from the front face of the sample, and *z*~e~ is the extrapolation length ratio, which describes the boundary conditions of the diffuse intensity at the interfaces of the sample. *R*~s~ and *R̅* can be calculated via Fresnel's reflection coefficients as described by Vera and Durian^[@ref47]^ from the RIs of the sample medium, container wall, and external medium (i.e., 1.330, 1.458, and 1.000 respectively, at 589 nm), which leads to *R*~s~ = 0.0367, *R̅* = 0.4452, and *z*~e~ = 1.7365. Finally, *l*\* is obtained from the slope of the linear fit of the 1/*T* versus *L* plot.

The experimentally obtained *l*\* values are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. For silica particles, this fit had a *R*^2^ of 0.990 or higher for all wavelengths (between 400 and 750 nm), as shown in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01357/suppl_file/la9b01357_si_001.pdf) Figure S3. From this result, it can be concluded that the experimental setup works according to the expectations. The white zein particles give equally good fits at longer wavelengths but clearly deviate from a linear fit for wavelengths below 550 nm (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01357/suppl_file/la9b01357_si_001.pdf) Figure S4). This could be a sign of absorption for these specific wavelengths, which will be considered in the next section.

![Transport mean-free path, *l*\*, found experimentally by total transmittance spectroscopy (points) and calculated from theory through [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} (lines) of a silica particle dispersion (particle diameter 140 ± 24 nm and φ = 0.014), a white zein particle dispersion (particle diameter 149 ± 60 nm and φ = 0.024), and a blue zein particle dispersion (particle diameter 156 ± 77 nm and φ = 0.025). In the blue zein case, only data are shown at wavelengths where absorption is absent, and the theory is used to extrapolate to wavelengths where absorption cannot be neglected. In the white zein case, neglecting absorption below 550 nm underestimates *l*\*.](la9b01357_0003){#fig3}

As shown in our previous study,^[@ref41]^ the transport mean-free path *l*\* for a polydisperse sample is related to the particle properties asHere, φ is the total volume of particles and *Q*~ext,*i*~ = *C*~ext,*i*~/*r*~*i*~ with *C*~ext,*i*~ being the scattering cross section of a particle with size *r*~*i*~. The summation accounts for the scattering contributions of particles of different sizes *r*~*i*~, from a distribution *f*~*i*~, which are calculated with Mie theory. The particle volume distribution *f*~*i*~*r*~*i*~^3^ is taken from the size distribution data from DLS results of the corresponding samples (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Note that here the assumption is made that the scattering particles are uncorrelated, so that effects of the structure factor can be neglected. This is acceptable for the relatively low concentrations (\<3 wt %) used in this work. The Mie theory software MiePlot^[@ref48]^ was used for the calculation of *Q*~ext~ and ⟨cos θ⟩. The results are included in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

For both the silica and white zein particle dispersions, the agreement between the model and theory is very good, especially when considering that no adjustable parameters were used. Deviations between experimental results and theoretical calculations, as prescribed by [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}, are observed to be ≤5% for the silica particles. This is as expected because silica is nonabsorbing and will only scatter the light^[@ref49]^ and also the silica particles are spherical and monodisperse, as observed in TEM and DLS measurements. Note that we have neglected RI dispersion, as calculations showed that a reasonable RI variation of 0.01 over the measured range would change the predicted *l*\* by less than 9%.

For white zein particle dispersions, deviations between experiments and theory are on average about 30%, which is very similar to the result obtained before with only fixed path length cells.^[@ref41]^ However, when looking just at wavelengths of ≥550 nm, the agreement is better than 7%, which is a large improvement compared to our previous work. It can also be observed that the values of the experimental results of white zein particles ≤550 nm are below the theoretical data line, which indicates that the samples transmit less light than expected based on their scattering cross sections. This is again an indication that these white zein particles still absorb some light at these wavelengths, resulting experimentally in very low values of *l*\*. The strong scattering of these samples increases the effective path length of transmitted light, strongly amplifying even low amounts of absorption. Therefore, we will now extend the theory to include absorption.

### Absorbing Dispersions {#sec3.2.2}

For the case in which particles absorb and scatter light, the equations are in principle similar to the nonabsorbing case as was described before. The analytical solution of the diffusion equation in the presence of absorption is, for the case of collimated normal-incident light, known to be^[@ref39]^Here, α is the reciprocal absorption mean-free path, α = 1/*l*~a~. The absorption mean-free path is the distance it takes light to be absorbed to a fraction 1/*e* while performing a random walk in the scattering sample. The extrapolation length, *z*~e~, is also modified in the absorbing case

It can be checked that [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} reduces to [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} in the limit of low absorption (α ≪ 1/*l*\*). A direct two-parameter fit of *l*\* and α using [eqs [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} and [6](#eq6){ref-type="disp-formula"} unfortunately produced unreliable results because the two parameters mainly enter the equations as their product. Therefore, we determined *l*\* first, after which α was fitted using [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}, as follows. Because [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} has proven to be a reliable model, we use it to obtain *l*\* at wavelengths where absorption becomes important. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the predictions of [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} and compares them with experimental results determined through [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} for wavelengths without absorption (750--900 nm). It is seen that the agreement is quite good (better than 4%). The corresponding 1/*T* versus *L* plots are shown in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01357/suppl_file/la9b01357_si_001.pdf) Figure S5. The extrapolation is helped by the fact that the wavelength dependence of *l*\* is weak. It has been shown that in highly polydisperse systems, the transport mean-free path is only weakly dependent on wavelength.^[@ref39],[@ref50]^ This is also visible in the data shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, in which silica is reasonably monodisperse and indeed wavelength-dependent. White zein particles, which are much more polydisperse, show much less wavelength dependency.

Then, α was obtained from a fit of *T* versus *L* to [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} in the absorbing region 400--700 nm. The corresponding fits are shown in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01357/suppl_file/la9b01357_si_001.pdf) Figure S6. The results are presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. As expected, the resulting spectrum is similar in shape to the absorption spectrum of patent blue in water using the same dye concentration (i.e., without scattering, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, blue line). The peaks and even the shoulder at 590 nm are well reflected in the measured spectrum. Because scattering is strongest at short wavelengths, the absorption peak at 410 nm is strongly enhanced compared to the peak at 640 nm. To make a quantitative comparison between the absorption mean-free path α measured on the dyed zein dispersion and the absorption coefficient μ~a~ = (1/*L*)log *T* of the pure dye solution, we calculate the absorption coefficient of the dispersion using^[@ref51]^

![Reciprocal absorption mean-free path, α, of the blue particle dispersion found experimentally by total transmittance spectroscopy (a) and calculated absorption coefficients using [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} compared to the absorption spectrum of Patent Blue V sodium salt in water (b).](la9b01357_0004){#fig4}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b shows that the agreement with the two data sets is reasonable. However, the absorption peaks from the dye in water are considerably higher than for the particle dispersion. There also seems to be a small shift in peak position. This is a known phenomenon that can occur for Patent Blue V sodium salt when the dye is in a different medium or in a medium with a different pH.^[@ref52]−[@ref54]^

On the other hand, the difference between data sets can be explained by the quality of the fits ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01357/suppl_file/la9b01357_si_001.pdf) Figure S6), which is not as good as would be desirable. A much-improved fit is obtained by plotting 1/*T* versus *L*, see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01357/suppl_file/la9b01357_si_001.pdf) Figure S7. Although the fit is better at wavelength regions with low to moderate absorption, it was not possible to fit the wavelength region with strong absorption (570--680 nm) using [eqs [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} and [6](#eq6){ref-type="disp-formula"} because of strong absorption of the sample for these wavelengths.

It has been shown by Leung et al. that [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} becomes unphysical for samples with very strong absorption compared to scattering.^[@ref39]^ This is because the extrapolation length in the presence of absorption, *z*~e~, diverges if the absorption mean-free path, *l*~a~, becomes similar to or smaller than the extrapolation length without absorption, *z*~0~. Then, in [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}, when 1 -- α*z*~0~ \> 1, the logarithmic part of [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} becomes divergent and cannot be used anymore.

For the wavelengths for which it was possible to find a fit, α and the absorption coefficient were calculated (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) and compared to the results from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. A clear difference in magnitude can be observed: the values found using the better fit are much higher. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b suggests that the absorption peak is much higher and possibly more comparable to the absorption spectrum of the dye in water. However, because of strong absorption, the data are outside the range of applicability of diffusion theory.

![Reciprocal absorption mean-free path, α, of the blue particle dispersion found experimentally by total transmittance spectroscopy (a) and calculated absorption coefficient using [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} (b) using fits from both *T* vs L and 1/*T* vs *L* plots. The values obtained from the 1/*T* plots are quantitatively correct but cannot be determined at wavelengths with strong absorption.](la9b01357_0005){#fig5}

When scattering particles also absorb, they should be described with a complex RI, the imaginary part of which iswhere λ is the wavelength in vacuum. Because in our case all dye is concentrated in the particles, the factor μ~a~/φ is the absorption coefficient of the zein particles themselves. Including the complex RI in the calculations might change the values of the scattering cross section and anisotropy factor, invalidating our earlier analysis (which included only the real part of the RI). However, assuming a high value of μ~a~ = 1 mm^--1^ at 630 nm, we obtain *n*″ = 0.002. Using this value in a Mie calculation, we find that the scattering cross section and anisotropy factor change by only 0.1%. We conclude, therefore, that the use of an imaginary part of the RI is not needed unless the particles are loaded with several times the amount of dye used in our experiments.

Finally, we return to the white zein particles to quantify their suspected absorption at wavelengths below 550 nm (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). For these particles, the absorption is not strong, and [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} should be valid over the whole wavelength spectrum.

We note that when α is obtained from *T* versus *L* plots ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01357/suppl_file/la9b01357_si_001.pdf) Figure S8) also here, the results were not optimal. Therefore, fits were obtained by calculating α from plotting 1/*T* versus *L*, see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01357/suppl_file/la9b01357_si_001.pdf) Figure S9. Because this dispersion is low in absorption, it was possible to find a good fit for all wavelengths of interest. From these fits, the α and the absorption coefficients were determined, see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. Here, it is visible that there is indeed some absorption, mainly below 550 nm as was expected from the result in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

![Reciprocal absorption mean-free path, α, of the white zein particle dispersion of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} found experimentally by total transmittance spectroscopy and using fits from 1/*T* vs *L* plots (a) and corresponding calculated absorption coefficients using [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"} (b).](la9b01357_0006){#fig6}

When comparing the results from the white zein particles in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} to the blue zein particles in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, it looks like the reciprocal absorption mean-free path of the white zein particles is almost as high as for the dyed zein particles. When an unsuitable fit (fit of *T* vs *L*) is used, this indeed appears to be the case. However, when a more suitable fit (fit 1/*T* vs *L*) is used, it is not possible to reach higher values of α at absorbing wavelengths because the fitted equation does not allow for it (this explains why there is a gap in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} for the green dots). If it had been possible to fit these points, then the values of α would have been much higher for the blue particles than for the white particles.

Conclusions {#sec4}
===========

In this study, colloidal particles were synthesized and characterized to obtain particle properties such as particle size, particle size distribution, RI, and absorption spectrum of the dye. This information was used to model the optical properties of these concentrated particle dispersions, which were experimentally measured using a specially designed variable path length quartz glass cuvette.

Nonabsorbing spherical and monodisperse silica particles were synthesized to verify the correct workings of the setup and to check the applicability of multiple scattering theory. The agreement between the experiment and theory, in terms of the transport mean-free path of these silica particles, was better than 5%. The same experiment was performed on polydisperse white zein particles, which were slightly absorbing below wavelengths of 550 nm. Again, good agreement between theory and experiments was obtained: better than 7% for wavelengths above 550 nm. Deviations at shorter wavelengths were attributed to some absorption by the zein and are indicative of the sensitivity of the method to absorption. Subsequently, absorbing and polydisperse blue zein particles were measured using the setup. For these particles, the transport mean-free path was determined for wavelengths where absorption is negligible, which gave a deviation between theory and experiment of ≤4%. The modeled transport mean-free path was then used to find the reciprocal absorption mean-free path and was compared to the absorption spectrum of the dye, which was found to have reasonable agreement. However, at the absorption peaks, the agreement was less good because of the fact that the absorption became stronger than the scattering. For a complete agreement, a theory other than diffusion theory needs to be used to describe light transport. The diffusion theory worked best for the slightly absorbing white zein dispersion.

These results show that it is possible to predict the scattering and absorption behavior of opaque dispersions using the RI, volume fraction, dye absorption spectrum, particle size, and size distribution as inputs. This work is a step forward when particles with specifically predesigned optical properties must be synthesized, which can be tuned toward a specific application.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.langmuir.9b01357](http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.9b01357).All TEM images obtained for all steps in the silica synthesis; methods and results for the RI matching of silica particles; and fitting curves obtained by total transmission experiments ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b01357/suppl_file/la9b01357_si_001.pdf))
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